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Ever since the discovery of the nucleosome in 1974, scientists have stumbled upon discrete particles in which
DNA is wrapped around histone complexes of different stoichiometries: octasomes, hexasomes, tetra-
somes, ‘‘split’’ half-nucleosomes, and, recently, bona fide hemisomes. Do all these particles exist in vivo?
Under what conditions? What is their physiological significance in the complex DNA transactions in the
eukaryotic nucleus? What are their dynamics? This review summarizes research spanning more than three
decades and provides a new meaning to the term ‘‘nucleosome.’’ The nucleosome can no longer be viewed
as a single static entity: rather, it is a family of particles differing in their structural and dynamic properties,
leading to different functionalities.Introduction
In 1974, a revolution occurred in molecular biology with the eluci-
dation of the ‘‘nucleosomal’’ subunit structure in chromatin (see
van Holde, 1988 for a detailed description). It soon became
apparent that the chromatin of many eukaryotes, digested by
different nucleases, gave a protected limiting DNA size of 146 ±
2 base pairs (bp) (see compilation of such measurements in Table
6.4, ibidem). Neither the nature of the DNA nor the source of
histones seemed to make any difference. The DNA of this limiting
size plus the octamer of histone molecules—two of each of
histones H2A, H2B, H3, and H4—around which the DNA is wrap-
ped up, was termed the nucleosome core particle (van Holde,
1988). The repeating unit of any chromatin—the nucleosome—
was considered to be composed of two parts: the ubiquitous
‘‘core’’ particle and a ‘‘linker’’ region that connects adjacent
core particles and that varies in length (and possibly in organiza-
tion) between chromatin from different sources.
These views, together with detailed crystallographic studies
(Luger et al., 1997; Harp et al., 2000) have tended to fix the
idea of the nucleosomal particle as an inviolate unit of chromatin,
whatever the source. Yet, from the earliest days there has been
evidence, appearing from time to time and generally neglected,
that the in vivo structure of chromatin might involve both static
and dynamic variations in composition and conformation.
As discussed below, the ‘‘nucleosome’’ must now be consid-
ered not as a unique unit, but as a dynamic family of particles,
which differ in either the extent of wrapping of the DNA around
the core histone proteins, or in the composition and/or stoichi-
ometry of the internal histone core, or both. In addition, even
canonical nucleosomes are highly dynamic, showing different
types of conformational transitions that ensure accessibility of
protein binding sites seemingly buried in the particle. It is sug-
gested that the term nucleosome be adopted as a descriptor
for all such particles (the family name), with specific names for
individual members of the family that more accurately describe
their properties (see Table 1 for suggested and traditional names160 Structure 17, February 13, 2009 ª2009 Elsevier Ltd All rights refor the individual family members). Recognizing the ‘‘historic
appeal’’ of the name nucleosome used to describe octasomes
(particles containing an octamer of core histones) (Lavelle and
Prunell, 2007), it is suggested that the term nucleosome continue
to be used interchangeably with the term octasome. The desig-
nation ‘‘octasome’’ should, however, be preferentially used to
designate the canonical nucleosome when comparisons are
made to alternative nucleosome structures.
Octasome: A Particle Containing One H3/H4 Tetramer
and Two H2A/H2B Dimers
Steady-State Variability of the DNA Wrapped around
the Histone Octamer
We have long argued that the core particle containing 147 bp of
DNA wrapped around an octamer of histones (Figure 1) is just
a ‘‘fixture’’ in our minds, an ‘‘artifactual entity created through
peculiarities of nuclease activities, environmental conditions, or
both’’ (van Holde and Zlatanova, 1999). We have reviewed
a vast amount of literature, showing that the histone octamer
can accommodate anywhere from 100 to 170 bp of DNA. Of
special interest is the structure of the nucleosome in organisms
with very short repeat lengths. Thus, the repeat length of S.
pombe chromatin is only 156 (±2) bp (Godde and Widom,
1992). The authors suggest that the chromatin fiber must be
a right-handed solenoid because of the seemingly very short
linker (10 bp). In the absence of any data about the feasibility
of such a fiber structure, an alternative explanation is possible:
that is, the nucleosomal DNA in such particles is permanently
unwound to produce longer linkers. Upon linker cleavage, the
DNA may revert to the 146 bp wrapping, creating the false
impression that the S. pombe chromatin contains excessively
short linkers. That linkers in short repeat-length fibers are actu-
ally extended at the expense of the wrapped DNA has been
directly observed in AFM experiments (S.H. Leuba and J.Z.,
unpublished data). Indeed, oligonucleosomes reconstituted
to saturation onto DNA consisting of 172-bp repeats of aserved
Structure
Reviewnucleosome positioning sequence exhibit a narrow distribution
of linker lengths around 25 nm (S.H. Leuba and J.Z., unpublished
data). This length corresponds to 73 bp, leaving only 100 bp
on the histone core.
Recent data support even further steady-state unwrapping of
nucleosomal DNA. Thus, octamers containing the histone variant
H2A.Bbd have been reported to organize only 118 bp (Bao et al.,
2004) or 130 bp (Doyen et al., 2006) of DNA. H2A.Bbd-contain-
ing particles are in extended conformation, and are much more
labile than their canonical counterparts when subjected to higher
salt concentrations (Eirı´n-Lo´pez et al., 2008). These properties are
not affected by the extensive amino acid sequence variability
between the mouse and the human H2A.Bbd variants (Eirı´n-Lo´pez
et al., 2008). Similarly, CENP-A octasomes are unwrapped by 7
bp as quantified in reconstitutes on a series of DNA minicircles
(Conde e Silva et al., 2007). This steady-state unwrapping is suffi-
cient to compromise the binding of linker histones to the particles
and to facilitate removal of a H2A/H2B dimer by the histone chap-
erone Nap1, thus affecting the dynamics of the chromatin fiber as
a whole. On the other hand, we have demonstrated that H2A.Z
containing octasomes are more compact than canonical nucleo-
somes which may reflect more DNA wrapped around the octamer
(A. Thakar, J. Ausio, and JZ, unpublished data). We speculate that
histone variants may have evolved to control, among other things,
the wrapping of the nucleosomal DNA, and thus, the stability of the
particle and the overall conformation of the fiber.
Spontaneous Conformational Transitions
in the Nucleosome
A series of papers from Widom’s laboratory have demonstrated
the existence of intrinsic conformational nucleosome dynamics
(partial uncoiling or breathing motions of nucleosomal DNA)
that allow protein access to binding sites hidden inside nucleo-
somes (e.g., Polach and Widom, 1995; reviewed in van Holde
Table 1. Summary of Nucleosome Particles with Suggested
and Traditional Names
Suggested Name Traditional Name
Histone Composition/
Stoichiometry
Nucleosome
(alternative equivalent
names: L-octasome,
L-nucleosome)
Nucleosome H2A/H2B (H3/H4)2
H2A/H2B
R-nucleosome
(R-octasome)
Reversome H2A/H2B (H3/H4)2
H2A/H2B
Hexasome Hexasome H2A/H2B (H3/H4)2
or (H3/H4)2 H2A/H2B
L-tetrasome Tetrasome (H3/H4)2
R-tetrasome Right-handed
tetrasome
(H3/H4)2
Split nucleosome Split nucleosome H2A/H2B/H3/H4 +
H3/H4/H2A/H2B
Hemisome Half-nucleosome H2A/H2B/H3/H4
(could be histone
variant specific)
Particles containing nonhistone proteins (NHP) in lieu of histones should
have specific names, depending on the NHP they contain and the protein
stoichiometry. For example, the proposed Scm3 (CenH3/H4)2 Scm3
particle might be called Scm3 hexasome.Structuand Zlatanova, 2006). This ‘‘site exposure’’ model was further
substantiated by population fluorescence resonance energy
transfer (FRET) studies (Li and Widom, 2004), with actual rates
of site exposure (unwrapping) and rewrapping measured in
stopped-flow FRET and fluorescence correlation spectroscopy
experiments (Li et al., 2005). Nucleosomal DNA stays fully wrap-
ped for 250 ms; the unwrapped state lasts for 10–50 ms.
Recently, these breathing motions were explored in a carefully
controlled single-pair FRET study that discriminated between
artifactual dynamics caused by the photophysical properties of
the acceptor dye and ‘‘true’’ intramolecular rearrangements
(Koopmans et al., 2007). The majority (97%) of nucleosomes
exhibited no conformational transitions over the experimentally
accessible time window (up to 10 s), but the rest did go into
a reduced FRET efficiency state (i.e., underwent DNA breathing
motions) with a lifetime of 120 ms. The reason for these appar-
ently contradictory results concerning the kinetic characteristics
of the transitions might be connected to the use of different
experimental approaches and conditions.
Our laboratory used single-pair FRET with donor and acceptor
dyes placed 80 bp apart on the two gyres of nucleosomal DNA
on the opposite side of the dyad axis (Tomschik et al., 2005).
We observed frequent transitions between a high- and a low-
FRET state that we interpreted as a long-range unwrapping
(‘‘opening’’) of nucleosomal DNA. We have now used formalde-
hyde-fixed particles as controls, and performed the experiments
in the presence of Trolox, a compound that suppresses photo-
blinking (temporal nonfluorescent state of a fluorophore of pho-
tophysical or photochemical nature; the entry of the acceptor
dye into this ‘‘dark’’ nonemitting state might be mistakenly taken
as evidence for distance changes between the donor and
acceptor dye (Rasnik et al., 2006; Tomschik et al., 2008).
Although the frequency of high-FRET to low-FRET transitions
has dropped significantly under photoblinking-suppressing
conditions, we still observed transitions representing long-range
opening events. Thus, both breathing (more short-range, see
paragraph above) and opening (longer-range) excursions of
nucleosomal DNA (Figure 2) seem to occur, and contribute to
accessibility of nucleosomal DNA to protein binding. It must be
noted that theoretical studies predicted such nucleosome
dynamics over a decade ago (Marky and Manning, 1991, 1995).
Theory has also predicted a different kind of nucleosome
dynamics, the so-called gaping transition (Mozziconacci and
Victor, 2003). As illustrated in Figure 2, this transition could occur
through a hinge opening of 30 around an axis at the H3C110/
H3C110 interface and involves breaking of both docking
domains, that is, H2A contacts with H30/H40 along with H2A0
contacts with H3/H4 (see inset in Figure 2), and possibly
breaking of H2A/H2B contacts with H2A0/H2B0 (note that these
are absent in yeast nucleosomes). This transition presumably
affects chromatin fiber compaction at its different levels (Mozzi-
conacci et al., 2006; Lesne and Victor, 2006). Because gaping
enables stacking between adjacent nucleosomes, it might
provide a functional two-state structure to the fiber: a locked—
gaped and stacked—structure in constitutive heterochromatin
and an unlocked structure in euchromatin. The experimental
verification of such a ‘‘gaped’’ structure is still to come.
A different kind of nucleosome dynamics has been suggested
by Prunell’s laboratory. Based on work on single nucleosomesre 17, February 13, 2009 ª2009 Elsevier Ltd All rights reserved 161
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nucleosomal arrays (Bancaud et al., 2006), it has been suggested
that nucleosome particles fluctuate among three distinct DNA
conformational states: a conformation with a negative crossing
of the incoming and outgoing linkers, an open conformation
with uncrossed DNAs, and a conformation in which the linkers
cross positively. The extreme resilience of the chromatin fiber
to the introduction of large amounts of either negative or positive
torsional stress was quantitatively accounted for by a dynamic
equilibrium model involving these three states. Torsional stress
shifts the equilibrium that exists on torsionally relaxed chromatin
fibers (Bancaud et al., 2006). These experiments may be consid-
ered superior to those with isolated mononucleosomes due to the
absence of DNA end-effects, thus potentially mimicking physio-
logically relevant chromatin fibers more closely.
Hexasome: A Particle Containing One H3/H4 Tetramer
and One H2A/H2B Dimer
A nucleosome particle that contains the central H3/H4 tetramer
and just one H2A/H2B dimer (Figure 1) was described years ago
Figure 1. Octasomes, Tetrasomes,
and Hexasomes
The models in Figures 1, 4, and 5 are based on an
all-atom representation of Protein Data Bank entry
1KX5, DNA length 147 bp (Davey et al., 2002). This
is the highest-resolution X-ray structure of the
nucleosome available (1.9 A˚). To create models
for the tetrasome, hexasome, and hemisome, we
deleted the appropriate histones from the octa-
some and allowed the free DNA segments to
assume a B-form-like conformation (rise of 3.3 A˚/
bp and twist of 35.2/bp). Our modeling assumes
the histones are rigid bodies that can be pieced
together like a jigsaw puzzle even though this
might not represent the physical reality. The
models presented utilize the standard color
scheme: H2A, yellow; H2B, red; H3, blue; and
H4, green. The histone cores have a single,
common orientation in all images. This can be dis-
cerned from inspection of the tails.The octasome
contains eight histones, (H2A/H2B)(H3/H4)2(H2B/
H2A). None of the 147 bp are considered free.
The tetrasome contains four histones (H3/H4)2
that maintain contact with the DNA from super-
helix location 2.5 to +2.5. Removal of the H2A
and H2B histones therefore releases 48 bp from
each end of the octasome. The tetrasome
contains less than one DNA superhelical turn.
There are two possibilities for the hexasome:
(H2A/H2B)(H3/H4)2 or (H3/H4)2(H2B/H2A). For-
mation of a hexasome from an octasome releases
approximately 48 bp from only one end of the oc-
tasome. The hexasome maintains more than one
DNA superhelical turn in contact with the histone
core.
in both in vitro and in vivo experimental
studies. Thus, transcriptionally active
mononucleosomes from trout testis en-
compassed a minor subfraction that con-
tained H3 and H4 at concentrations twice
as high as H2A and H2B (Hutcheon et al.,
1980). Histone pulse/chase experiments
in living cells demonstrated dynamic
H2A/H2B exchange, partially dependent
on RNA polymerase activity (Jackson and Chalkley, 1985; Jack-
son, 1990). An ultrastructural study of transcriptionally compe-
tent chromatin using electron spectroscopic imaging identified
y-shaped or elongated particles that contained the normal
amount of DNA but had significantly less protein mass compared
with canonical particles in bulk chromatin (Locklear et al., 1990).
The difference in protein mass might have been due to a loss of
a H2A/H2B dimer in these structurally different particles. More
recently, FRAP (fluorescence recovery after photobleaching)
experiments also indicated fast exchange of a small fraction of
histone H2B; this fast-exchanging fraction was eliminated
when transcription elongation was inhibited (Kimura and Cook,
2001). In contrast, the kinetics of H3.1 and H4 exchange were
much slower and were not affected by the treatment, suggesting
their stable association with DNA during transcription. Thiriet and
Hayes (2005) made use of two remarkable properties of Physa-
rum polycephalum, that is, the synchronous division of 108
nuclei in a macroplasmodial cell and the ability of the cell to inter-
nalize exogenous proteins applied to its upper surface. They
found a rapid exchange of H2A/H2B dimers, enhanced on Pol162 Structure 17, February 13, 2009 ª2009 Elsevier Ltd All rights reserved
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(A) Breathing and opening involve breaking of histone/DNA contacts from the end of the octasomes: short-range in breathing and long-range in opening (see text).
(B) The gaping transition involves breaking of histone/histone contacts. Inset: The two docking domains that are broken are depicted as magenta clouds. The
orange arrow stands for the axis around which the hinge opening takes place.II-transcribed sequences and interpreted their data in terms of
hexamer formation. All these in vivo results indirectly suggest
hexasome formation during transcription.
Baer and Rhodes (1983) reported that purified RNAP II bound
to transcriptionally active nucleosome core particles and dis-
placed H2A/H2B in vitro. Recent transcription studies performed
on reconstituted single nucleosomes found that Pol II transversal
of the particle results in the formation of hexasomes (Kireeva
et al., 2002). Whether these studies actually reflect the in vivo
situation was somewhat questionable, because transcription
was performed under nonphysiological ionic conditions (it is
well known that both the histone/DNA and histone/histone inter-
actions are affected by the ionic environment; see recent theo-
retical treatise by Korolev et al., 2007). Later experiments using
the same transcription system demonstrated that transcription
leads to hexasome formation at low ionic strength but requires
the presence of FACT (Belotserkovskaya et al., 2003). [FACT is
a two-subunit factor that facilitates transcription through nucle-
osomes (Orphanides et al., 1998); FACT can also function as
a histone chaperone in chromatin assembly (Belotserkovskaya
et al., 2003)]. However, deletion of FACT in yeast does not
prevent transcription through nucleosomes, which is an indica-
tion that other chaperones may also be involved (Mason and
Struhl, 2005). One of these chaperones might be Nap1 (nucleo-
some assembly protein 1). Nap1 forms a stable complex with
both H2A/H2B (Mosammaparast et al., 2002) and H3/H4
(McBryant et al., 2003). As a result, Nap1 is very effective in
assembling nucleosomes (Zlatanova et al., 2007). In vitro tran-Structurscription studies have indicated that this chaperone can effec-
tively displace H2A/H2B during transcription and form the hexa-
some (Levchenko et al., 2005). It is entirely possible that
hexasomes exist for some time in the wake of the passing poly-
merase; the rate of nucleosome reassembly will determine the
level of hexasomes present in individual transcriptional units.
It must be noted that hexasome formation during transcription
has been challenged in some yeast studies. Thus, Schwabish
and Struhl (2004) used chromatin immunoprecipitation (ChIP)
to quantify histone presence on the active GAL10 gene and re-
ported a diminished density of all core histones in both the
promoter and coding regions of the gene. A similar observation
was reported genome-wide, with partial loss of H3/H4 from the
coding regions of the most heavily transcribed genes (Lee
et al., 2004). The histone chaperone Asf1 (anti-silencing factor 1)
might be involved in evicting these histones during elongation.
Asf1 interacts strongly with H3/H4 dimers (English et al., 2005)
and has been implicated in H3/H4 deposition during replication
(Tagami et al., 2004) and repair (Mello et al., 2002). Its H3/H4-
specific chaperone activity might be instrumental in complete
nucleosome disassembly during elongation. Indeed, Schwabish
and Struhl (2006) have reported that Asf1 associates with the
elongating polymerase and that Asf1 mutants show a somewhat
reduced H3 displacement from theGAL1 andGAL10 genes after
galactose induction.
In principle, transcription can affect the fate of the nucleosome
through two distinct mechanisms: the actual invasion of nucleo-
somal DNA by the transcribing polymerase and the creation ofe 17, February 13, 2009 ª2009 Elsevier Ltd All rights reserved 163
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constrained DNA or chromatin templates. This latter effect at
a distance has been neglected in most in vitro studies that
used nucleosomes reconstituted on linear (topologically uncon-
strained) DNA constructs. Still, it has been suggested (Kimura,
2005) that total histone eviction might be a property of highly
transcribed genes due to the high level of torsional stress
accompanying polymerase movement. However, it should be
noted that high levels of transcriptional activity would create
a condition in which multiple polymerases would tend to be in
a tandem array on the gene. Such an array would promote
neutralization of (+) and () stresses that are produced by each
polymerase, that is, the () stress in the wake of the first
polymerase will be (partially) neutralized by the (+) stress in front
of the second polymerase, etc. This would cause an overall
reduced rather than increased level of topological stress.
Indeed, when such conditions were reproduced in vitro in recon-
stituted nucleosomal arrays, low levels of (+) supercoiling did
tend to increase release of all four histones during transcription
with T7 RNA polymerase (Levchenko et al., 2005). Nap1 facili-
tated the release of both H2A/H2B and H3/H4. In contrast, higher
levels of (+) topological stress tended to cause the release of
H2A/H2B but not H3/H4 (Levchenko et al., 2005). Histones H3/
H4 have a preference for binding positively coiled DNA (Jackson,
1995). Thus, the hexasome might be expected to exist at lower
rates of transcription (characteristic of most Pol II-dependent
genes), when there will be more (+) stress that accumulates
temporarily. The higher rate of transcription, with its resulting
partial annihilation of torsional stress, is expected to evict all
histones. This effect might provide an explanation for the
tendency of ribosomal genes to be depleted of all four histones.
This general depletion would be expected to be limited to a small
subset of genes that are highly active.
Recently, surprising results were published indicating that
a third mechanism of histone removal might be functional, in
preparation for and independently of Pol II passage (Petesch
and Lis, 2008). Indeed, MNase protection assays revealed that
for genes that are rapidly activated (such as the heat-inducible
Hsp70 gene in Drosophila) nucleosomes are disrupted at a rate
faster than the movement of the transcribing Pol II. The initial
changes in chromatin structure were independent of actual tran-
scription, but required transcription factor (HSF and GAGA
factor) binding and the enzymatic activity of poly(ADP)-ribose
polymerase. Traditional ChIP analysis indicated that histone H3
was partially depleted across the gene; thus, despite the broad
disruption of chromatin structure as evidenced by the dramatic
change in nuclease sensitivity, the exact nucleosome architec-
ture remains unknown (for further discussion of the possible
mechanism, see section on R-octasome below).
General considerations suggest that processes that remove
nucleosomes altogether are not likely to be of general occur-
rence on transcribed genes, however, as such wholesale disrup-
tion of nucleosome structure for all Pol II genes would cause
a huge problem in DNA packaging, considering the amount of
DNA that would be involved. A lower rate of initiation creates
a condition in which the induced (+) stress facilitates the mainte-
nance of H3/H4 on the DNA. The temporal removal of H2A/H2B
and the formation of the hexasome as an intermediate provides
the advantage of removing some of the histones to facilitate tran-164 Structure 17, February 13, 2009 ª2009 Elsevier Ltd All rights rescription, yet quickly reform the nucleosome because of the ()
stress in the wake of the polymerase. In this way the overall
packaging of the DNA on the transcribed gene is maintained.
Tetrasome: A Particle Containing One H3/H4 Tetramer
Many laboratories used in vitro reconstitution of DNA fragments
of mononucleosomal length and purified (H3/H4)2 tetramers to
show the central role of these histones in organizing the nucleo-
some particle (Camerini-Otero et al., 1976; Sollner-Webb et al.,
1976; Bina-Stein and Simpson, 1977; Jorcano and Ruiz-Carrillo,
1979). The organization of the bound DNA was reported to be
identical to that in the nucleosome, as evidenced by hydroxyl-
radical footprinting (Hayes et al., 1991). It should be noted,
however, that the DNA in the tetrasome is wrapped in less than
one superhelical turn (Alilat et al., 1999) (Figure 1). The discrep-
ancy between the hydroxyl-radical footprinting studies and the
actual structure can be explained by the strong tendency of H3/
H4 tetramers to stack on top of each other, creating pseudo-
octasomes (Alilat et al., 1999; Flaus et al., 1996; Lavelle and Pru-
nell, 2007). Moreover, in many cases, the (H3/H4)2 tetramer was
able to position nucleosomes with respect to the underlying DNA
sequence (Dong and van Holde, 1991; Hayes et al., 1991).
Although the central structural role of the H3/H4 tetramer in
organizing the nucleosome is beyond doubt, the physiological
relevance of a tetrasome remains obscure. Even the long-held
view that the tetrasome might be the first intermediate in nucle-
osome assembly in vivo has been recently challenged. In vitro
studies have shown that at physiological ionic strength the
tetramer is stable even when not associated with DNA (Karantza
et al., 1996; Banks and Gloss, 2004). However, a number of
studies have indicated that when associated with histone chap-
erones, this stability is lost. Both CAF-1 and HIRA seem to
deposit H3/H4 dimers (albeit in quick succession) on DNA
in vivo (Tagami et al., 2004). A similar conclusion is inferred
from the fact that the histone chaperone Asf1 (that cooperates
with CAF-1 in depositing H3/H4 onto newly replicated DNA)
forms a trisubunit complex with newly synthesized H3 and H4,
that is, the complex contains a dimer of H3/H4, not a tetramer
(English et al., 2005). Whether H3/H4 exists as a tetramer or as
a dimer in the absence of DNA, its preferred state when bound
to DNA is as a tetramer. The stability of the H3/H4 tetramer on
DNA is the likely reason for the tetramer maintenance on DNA
during transcription (Levchenko et al., 2005).
A tetrasome particle that certainly has physiological relevance
is present inArchaea (for references to the original work, see Zla-
tanova, 1997; Reeve et al., 2004; Sandman and Reeve, 2006).
Archaeal proteins with high sequence and structural similarities
to core histones have been now identified in numerous archaeal
species (the number of archaeal histone sequences was 64 as of
2006, Sandman and Reeve, 2006). These proteins exist as
dimers in solution, but form tetramers to bind to DNA and form
nucleosomal particles. The affinity of these tetramers for DNA
depends on the specific histones they contain, and whether
the constituent dimers are homo- or heterocomplexes.
It must be noted that under physiological ionic strengths (>300
mM K+, similar to the high salt content in M. fervidus, the best-
studied archaeal species), the archaeal tetrasomes are left-
handed, whereas they exist as left-handed particles under low
salt conditions and at low histone/DNA ratios but switch toserved
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histone binding (Marc et al., 2002). This amazing flexibility of
the archaeal tetrasome has been attributed to subtle variations
in the structure at the H3/H3 interface when compared with the
same interface in eukaryotes (Marc et al., 2002).
R-Tetrasome: A Particle Containing One H3/H4
Tetramer, with DNA Wrapped in a Right-Handed
(Positive) Sense
In 1996, Prunell’s laboratory reported a remarkable new struc-
ture, a right-handed tetrasome (Hamiche et al., 1996) (Figure 3).
The experiments involved three steps: (i) deposition of H3/H4
tetramers on mini-circular DNA; (ii) treatment of the reconstitute
with topoisomerase I to release any torsion in the portion of the
minicircles that was not constrained by the histones; and (iii)
removal of the histones by protease treatment. Electrophoretic
analysis of the sense of supercoiling in these DNA molecules
showed that a significant subpopulation contained a positive
coil, whereas the remainder contained a negative coil (a negative
supercoil should have been expected if the sense of wrapping of
the DNA around the tetramer in the original particle was left-
Figure 3. R-Tetrasome and R-Octasome
(A) Chiral transition of the tetrasome (front and side
views): the R-tetrasome is a tetrasome particle in
which DNA is wrapped in a right-handed (positive)
conformation. It has been obtained from the
L-tetrasome by using a normal mode analysis (as
described in Bancaud et al., 2007).
(B) The R-octasome is an octasome (contains the
complete octamer) that is also right-handed, in
contrast to the canonical octasome, which is left-
handed. The two all-atom structures presented
(front and side views) have been obtained by
inverse kinematics (H. Wong and J. Mozziconacci,
personal communication). Depth cueing is used to
improve the perception of three-dimensionality.
These two models depend on the way the dimers
refold after the chiral transition occurs.
handed). To form these positive coils,
the DNA would need to have been wrap-
ped on the tetramer in a right-handed
coil. Subsequent studies suggested that
this positive coil was a result of a reorien-
tation of the H3/H3 interface (Alilat et al.,
1999; Hamiche and Richard-Foy, 1998).
This conformational change in the
tetramer was termed ‘‘chiral transition.’’
We suggest that the term ‘‘R-tetrasome’’
be used, to stress the fact that the particle
contains an H3/H4 tetramer only, that the
sense of DNA wrapping is right-handed,
and to distinguish it from the recently
described ‘‘reversome’’ (see below), for
which it is suggested that the name
‘‘R-octasome’’ be applied.
It was subsequently found that certain
chemical modifications of the two single
cysteines in the two molecules of H3 de-
stabilized the H3/H3 interface, causing
a shift in the equilibrium from tetramer to dimer when the
(H3/H4)2 was free in solution (Peterson et al., 2007). However,
an H3/H4 dimer would not be expected to create a superhelical
ramp that would guide DNA wrapping, similar to the situation
with H2A/H2B dimers. Therefore, to create a right-handed
superhelical protein ramp that would be needed for the formation
of a right-handed R-tetrasome, the H3/H4 tetramer would have
to be re-established on the DNA after H3/H4 dimer deposition.
Indeed, formaldehyde crosslinking/reversal experiments
showed the formation of H3/H3 links, indicating the reestablish-
ment of the tetrameric state on the DNA. Needless to say, the
tetramer formed on the DNA must have altered interactions to
facilitate the right-handed superhelical state. The Peterson
et al. (2007) study also showed that the DNA in the R-tetrasome
was much more accessible to topoisomerase I than the DNA in
the canonical L-tetrasome. Furthermore, Nap1 could bind the
H3/H4 as either a tetramer or dimer. The deposition as a tetramer
formed negative coils, whereas dimer deposition led to positive
coils. The implication from those studies is that preformed
H3/H3 interactions maintain a left-handed pitch, whereas when
the H3/H3 interactions are established on the DNA, eitherStructure 17, February 13, 2009 ª2009 Elsevier Ltd All rights reserved 165
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flexibility might have substantial relevance to deposition during
replication in which there is now strong evidence that H3/H4 is
deposited as a dimer.
Because all H3/H4 tetramers ultimately establish the left-
handed pitch when bound to H2A/H2B, is there any reason to
believe that the R-tetrasome is present during any genomic
restructuring? When H3/H4 has the right-handed pitch, it would
not be inclined to bind H2A/H2B. A right-handed pitch would
disrupt multiple contacts between H3/H4 and H2A/H2B; there-
fore, the removal of H2A/H2B would be a prerequisite to the
formation of the R-tetrasome. In our description of the hexa-
some, we indicated that positive stress facilitates the removal
of one of the H2A/H2B dimers from a nucleosome. The superhe-
lical density required for this effect was +0.05. Higher transcrip-
tion-induced positive stress was found to promote the release
of the second H2A/H2B dimer (Levchenko et al., 2005). Because
positive stress promotes the formation of right-handed coils, the
prediction is that once the second H2A/H2B dimer is removed,
the remaining H3/H4 tetrasome can be topologically forced into
the R-tetrasome. Because both H2A/H2B displacement and
R-tetrasome formation are dependent on the presence of the
same topological stress, these two events might actually occur
at the same time. The R-tetrasome formation might provide an
explanation for why the H3/H4 tetramer binds so tightly to highly
positively coiled DNA (Jackson, 1995) and becomes so refractory
to displacement during transcription. Because negative stress is
produced in the wake of the polymerase, the R-tetrasome might
be expected to revert to the normal left-handed L-tetrasome,
which would then facilitate the reformation of the octasome
upon the binding of two H2A/H2B dimers.
The H3/H3 interface is sufficiently pliable to reversibly form the
two conformations. Do we know of any factors that could facili-
tate the conversion between L- and R-tetrasomes? The Peterson
et al. (2007) study did show that Nap1 remodeled L-tetrasomes
into R-tetrasomes. Nap1 also greatly facilitated the displacement
of both H2A/H2B dimers during transcription (Levchenko et al.,
2005). The conclusion from those studies was that Nap1 was re-
modeling the H3/H4 tetramer during this displacement. The pres-
ence of the R-tetrasome might not be limited to transcriptional
elongation, however. Chromatin remodeling complexes will often
include histone chaperones that can cause displacement of H2A/
H2B at promoters. Nap1 has frequently been found to be present
in these complexes (Ito et al., 2000; Asahara et al., 2002; Bruno
et al., 2003; Flaus and Owen-Hughes, 2004), indicating a possible
functional cooperation between chaperones and ATP-depen-
dent chromatin remodeling activities. It remains to be determined
whether the R-tetrasome creates a condition in which there is an
enhanced access to DNA sequences by transcription factors, as
has been observed for topoisomerase I (Peterson et al., 2007).
R-Octasome (Reversome): A Particle Containing
the Histone Octamer, with DNA Wrapped
in a Right-Handed (Positive) Sense
A recent single-molecule study investigated the behavior of the
chromatin fiber under topological stress (Bancaud et al., 2007).
When extensive level of positive stress was placed on the fiber,
the fiber trapped some of the positive stress (approximately one
positive coil per nucleosome). Comparison of the response of166 Structure 17, February 13, 2009 ª2009 Elsevier Ltd All rights resthese fibers with fibers containing only H3/H4 tetramers led to
the conclusion that a metastable right-handed octasome of
undetermined structure (reversome) formed. We suggest the
name R-octasome for this particle (Table 1). The R-octasome
is envisaged to form in three steps: (i) the docking of the H2A/
H2B dimers on the H3/H4 tetramer is broken, but the dimers
stay bound to the DNA; (ii) the H3/H4 tetramer switches from
its left-handed to its right-handed chiral conformation; and (iii)
the two H2A/H2B dimers rearrange to extend the right-handed
coil (Figure 3). In this transition the octasome is turned inside
out, and it is not immediately evident how the H2A/H2B dimers
would bind the right-handed H3/H4 tetramer because their
opposite faces would be involved; at this point there is no inde-
pendent evidence that such interactions are possible.
The R-octasome is expected to form under conditions in
which high levels of transcription-induced positive stress are
present; such conditions are commonplace in vivo because
Pol II exerts a positive torque sufficient to trigger the transition
(see calculations in Bancaud et al., 2007). The transcription of
every 10 bp induces one positive coil downstream that can be
absorbed by the formation of one R-octasome. Therefore it
has been proposed that a ‘‘reversome wave’’ might progress
downstream an elongating Pol II at a rate 300 bp/s (Bancaud
et al., 2007). Moreover this reversome wave is expected to
stop at boundary elements, because these act as topological
insulators. Strikingly, the above-mentioned experiments by
Petesch and Lis (2008) give evidence for a rapid wave of nucle-
osome disruption, progressing at a comparable rate and also
stopping at boundary elements. This wave arises immediately
after heat shock induction and before productive elongation.
Petesch and Lis (2008) also report that the initial nucleosome
disruption occurs independently of transcription. It should be
noted, however, that the chemical treatments used to block tran-
scription elongation only caused reduction, and not full inhibition
of transcription, in agreement with earlier results referenced in
the paper. Therefore, we propose that nucleosomes down-
stream might be destabilized at a distance by the R-octasome
wave much earlier than they are passed through by Pol II. The
torsion-driven activated R-octasome is supposed to facilitate
the progression of Pol II through the chromatin fiber. Because
of the semistable nature of the R-octasome, the H2A/H2B
dimer(s) would tend to dissociate, with the formation of hexa-
some and/or tetrasome.
‘‘Split’’ Nucleosome (Possibly Equivalent
to the Lexosome): A Particle Containing All Eight
Histones, Split into Two Heterotetrameric Complexes
The existence of split nucleosomes was suggested rather early
from electron microscopy (EM) observations of transcribed Pol
II genes (Tsanev and Petrov, 1976). Particles smaller than canon-
ical nucleosomes were also observed upon dilution of SV40 min-
ichromosomes into very low ionic strength buffers; dilution led to
increasing the number of nucleosome originally associated with
the circular DNA from 11 to double that number (Oudet et al.,
1978), which might have reflected nucleosome splitting into
half-particles. The actual nature of these particles, although
often referred to as half-nucleosomes (e.g., Tsanev et al.,
1992) is uncertain, because the histone content was not deter-
mined.erved
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Split nucleosomes are modeled as (H2A/H2B)
(H3/H4) – naked linker – H3/H4(H2A/H2B) or using
the proposed terminology, hemisome – naked
linker – hemisome. Because the split nucleosome
contains two cores, the core at the bottom has
been depicted with the same orientation in each
image. The overall topology of a split nucleosome
is strongly dependent on the length and conforma-
tion of the naked linker. In the above model, a split
linker length of 34 bp contains half-nucleosomes
whose superhelical axes are antiparallel. The
path of DNA is a ‘‘figure-8.’’In vivo studies from Garrard’s group present thus far the stron-
gest support for split nucleosomes. Transcription of the yeast
HSP82 gene caused splitting of nucleosomes toward the 30-
end of the gene, as judged by the appearance of half-nucleo-
some DNase I cleavage periodicity (Szent-Gyorgyi et al., 1987;
Lee and Garrard, 1991a; Sathyanarayana et al., 1999). A similar
digestion pattern was observed upon transcriptional activation
of smaller heat shock protein genes in Drosophila (Cartwright
and Elgin, 1986). Yeast mutant strains expressing E. coli Topo I
to generate positive supercoiling in yeast 2 mm minichromo-
somes possessed conformationally altered nucleosomes
believed to be split (Lee and Garrard, 1991b). A weak half-nucle-
osomal repeat has been detected earlier in DNase I digests of
bulk chromatin (Lohr and van Holde, 1979). Curiously, DNase II
produced a very similar 100 bp ladder pattern, interpreted as
splitting ‘‘at the site of symmetry within the nucleosome’’ (Alten-
burger et al., 1976). Again though, as in the EM studies cited
above, the protein content of the split particles has not been
evaluated in any of these studies.
With respect to replication, there is little doubt that parental
H3/H4 tetramers do not split during replication of those nucleo-
somes (Prior et al., 1980; Jackson, 1990; Yamasu and Senshu,
1990) (an informative account of these seminal older papers is
provided in Annunziato, 2005). Transcription, though, might
result in such splitting. Thus, Prior et al. (1983) have identified
a special class of particles in transcriptionally active rDNA chro-
matin (termed A particles) that had the following properties: (i)
their sedimentation coefficient was 5S versus the 11S of canon-
ical nucleosomes; (ii) they contained 145 bp of DNA and equi-
molar amounts of all four histones; (iii) the sulfhydryl groups at H3
residue 110 could be modified with a fluorescent dye, which was
not the case for canonical mononucleosomes; (iv) their typical
appearance in the EM was that of two symmetrical blobs sepa-
rated by40–50 bp; the molecular weight of each blob was esti-
mated as 100 kDa, approximately half of that of canonical core
particles (Figure 4). Because this ‘‘bridge’’ between the blobs
was covered with some protein, the authors suggested that
the nucleosome extension they observed was more complex
that simple dissociation to heterotypic tetramers and might
involve other proteins. The term ‘‘lexosome’’ was suggested to
indicate the possible role of these split nucleosomes in the
reading of genetic information (lexis, Greek for word, speech).
Following the pioneering observations on rDNA chromatin
(Prior et al., 1983) Allfrey’s laboratory has published numerous
papers on Pol II-transcribed genes, in which they used the
accessibility of H3 sulfhydryl groups for binding of transcription-
ally active nucleosomes to mercury columns (e.g., Chen andStructuAllfrey, 1987; Chen et al., 1990). They have further visualized and
analyzed the mercury-affinity chromatography purified nucleo-
somal particles by electron spectroscopic imaging (Bazett-
Jones et al., 1996). The particles were extended y-shaped struc-
tures; phosphorus mapping indicated that the nucleosomal DNA
had undergone a conformational change consistent with particle
unfolding and perhaps disruption of the H3/H3 interface.
It should be noted that attempts to establish in vitro conditions
in which a lexosome exists have not been successful (e.g., Pro-
tacio and Widom, 1996). The H3-H3 interface of the four-helix
bundle contains multiple sites of interaction that stabilize the
H3/H4 tetramer, even at physiological ionic strength. This is
not true for the interaction between the H2A/H2B dimer and
H3/H4 tetramer. Therefore, additional proteins, possibly reflec-
tive of the transcription apparatus, would need to be present in
order to destabilize the H3/H3 interface and stabilize the interac-
tions between H2A/H2B and H3/H4. Indeed, multiple diverse
proteins are present in eluates from the mercury affinity columns,
some of which might actually contain the –SH groups that
facilitate the selective enrichment of the transcriptionally active
nucleosomes (Walker et al., 1990). It will be necessary to estab-
lish in vitro conditions with these proteins present in order to
determine whether the split nucleosome is a physiologically
relevant structure.
Hemisome: A Particle Containing Only One Heterotypic
Tetramer
A unique kind of nucleosome particle has been recently
described in centromeric chromatin containing Cid (the
Drosophila version of the histone-replacement variant CenH3;
Dalal et al., 2007a). The particle containing aheterotypic tetramer,
one copy each of CenH3, H4, H2A, and H2B (Figure 5), has been
identified through a number of biochemical and microscopy
approaches applied to chromatin in situ. Remarkably, histone
crosslinking and identification of crosslinked products by anti-
bodies specific to either canonical H3 or CenH3 revealed that
histones in CenH3-containing particles did not produce products
higher than a tetramer, whereas the limit crosslinked species was
an octamer in H3-containing nucleosomes. Furthermore, the
molecular weight for the CenH3 species was 68 kDa, corre-
sponding uniquely to a heterotypic tetramer. Finally, the height
of these particles in AFM images was only half the height of
canonical octasomes.
The authors argued that hemisomes (a term suggested for
these particles by Lavelle and Prunell, 2007) are formed by the
deposition of a single CenH3/H4 dimer and a single H2A/H2B
dimer, rather than being the product of splitting of pre-existingre 17, February 13, 2009 ª2009 Elsevier Ltd All rights reserved 167
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Two possibilities, (H2A/H2B)(H3/H4) or (H3/H4)
(H2B/H2A), are presented. Formation of a hemi-
some from an octasome releases 48 bp from one
end of the octamer because of loss of one
(H2A/H2B) dimer (i.e., like the hexasome), and
approximately 15 bp from the other end because
of loss of (H3/H4) contacts.nucleosomes. This view was backed by their assertion that ‘‘no
processes are known that can separate the H3/H3 four-helix
bundle interface to make half-nucleosomes in vivo.’’ Although
this assertion might not be entirely correct (see the previous
discussion on split nucleosomes), there are certain experimental
observations that might support this view. Thus, the EM images
of nucleosomal arrays isolated by CenH3 immunoprecipitation
clearly show that (even under compacting ionic conditions) the
arrays consist of particles separated by long linkers (100 bp
versus the 20–40 bp in canonical arrays) (Dalal et al., 2007a).
This morphology is very different from that of split nucleosomes,
where the two ‘‘half-nucleosomes’’ are in close proximity
(example images in Tsanev and Petrov, 1976; Tsanev et al.,
1992: Oudet et al., 1978), as if the octasome has just split into
two halves still kept together by a short stretch of DNA. It is worth
noting here (and this refers to both the hemisome and the split
nucleosome) that Weintraub et al. (1976) envisaged such
a particle more than 30 years ago.
Henikoff and coauthors argue that CenH3 hemisomes also
exist in other organisms and discuss in vitro data from various
laboratories that are at least consistent with a hemisome struc-
ture (Dalal et al., 2007b). They also argue that RbAp48, the
CenH3 deposition vehicle identified in Drosophila (Furuyama
et al., 2006), might be evolutionarily conserved in other organ-
isms, like S. pombe and humans (Dalal et al., 2007b). Whether
these observations point in the direction of CenH3 hemisome
conservation remains to be seen.
Nucleosome Particles Containing Nonhistone Proteins
in Lieu of H2A/H2B
Three laboratories have recently identified a kinetochore protein
in yeast, Scm3, as a specific deposition vehicle for CenH3 (Miz-
uguchi et al., 2007; Stoler et al., 2007; Camahort et al., 2007)
(note that no Scm3 homologs could be identified in eukaryotes
outside of fungi, Zhang et al., 2007). Scm3 forms a stoichiometric
complex with CenH3 and H4 in vitro (Mizuguchi et al., 2007).
Further, it can replace H2A/H2B from preassembled CenH3-
containing histone octamers (in the absence of DNA), an obser-
vation consistent with lower in vivo occupancy of H2A and H2B
at yeast centromeres as determined by ChIP. The hexameric
structure proposed—(CenH3/H4)2 plus two Scm3 monomers—
will, if proven, be the first example of a nucleosome particle
that accommodates nonhistone proteins in lieu of histone
H2A/H2B dimers.
Concluding Remarks
It seems that we have had far too limited and static a view of the
units of chromatin structure. Virtually every aspect of what we168 Structure 17, February 13, 2009 ª2009 Elsevier Ltd All rights reshave termed a ‘‘nucleosome’’ is subject to either static modifica-
tion (in terms of histone replacement or varied length of wrapped
DNA) or dynamic change. The latter apparently can involve either
large changes in the DNA/protein contacts or gross modification
(i.e., splitting) of the histone core. The remarkable fact is that
many of these observations are very old, stretching back to the
beginning of the nucleosome era. An important implication is
that we might have been much too rigid in thinking about how
nucleosomes function in transcription, replication, repair, and
recombination. The nucleosome seems to have much more
versatility than we have imagined.
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